I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

The field of prosthetic dentistry is null without dental materials. Both are inextricably connected to each other since they have evolved. Prosthodontists are the ones who encounter with multitudinous materials. A good dentist can aptly identify and use any given material whereas a good prosthodontist is an authoritative chemist who has engulfed the science of reactions and manipulations of the materials. An eternal friendship between a prosthodontist and denture base acrylic resins exists.

Poly(methyl methacrylate) (PMMA) is the most commonly used denture base material for the past 60 years. Although numerous denture base polymers have been invented and introduced into dentistry to overcome issues related with PMMA resin, it has remained the material of choice for the fabrication of denture bases. It is the combination of various desirable properties of PMMA resin that accounts for the universal consumption though its properties are not ideal in every aspect.\[[@ref1]\]

The limitations of heat-cured PMMA resin with respect to strength, peculiarly under impact and fatigue conditions, were investigated by several researchers.\[[@ref2]\] The use of alternative materials with considerable improvement in strength would resist the denture fracture though it might be minimized by proper denture design and by following appropriate fabrication techniques.\[[@ref3][@ref4]\]

Also, the prosthesis installation within the oral cavity changes the bio-environment and paves the way for the deposition of biofilms on the prosthetic device.\[[@ref5]\] The porous and irregular surfaces of acrylic resins favor microbial adhesion, accumulation, and colonization, which are determining agents in the majority of oral problems such as candidiasis, sore/burning mouth, and glossodynia.\[[@ref6][@ref7]\] PMMA resin with antimicrobial properties would be ideal to improve the patients' quality of life and to impede discomfort with cost-effectiveness. Handful of studies have aimed at reducing or eliminating bacterial and fungal contamination by addition of antimicrobial agents\[[@ref8][@ref9]\] without compromising or rather deteriorating the mechanical properties of dental materials.

In the recent years, several modifications have been experimented in the denture base PMMA resins to improvise the physico-mechanical and biological properties. These modifications can be broadly classified into polymer and monomer modifications. The advances in polymer technology have produced novel polymers such as high-impact polymers and fiber-reinforced polymers with improved impact strength and fatigue resistance. The polymer modifications are achieved either by incorporating additives such as rubber,\[[@ref10]\] styrene-butadiene,\[[@ref11]\] Al~2~O~3~,\[[@ref12]\] and β-AgVO~3~\[[@ref13]\] or by adding inorganic fillers such as metallic oxides,\[[@ref14]\] fluorinated glass fillers,\[[@ref15]\] hydroxyapatite whiskers,\[[@ref16]\] zirconia,\[[@ref17]\] and organic fibers\[[@ref18]\] of carbon/graphite, aramid, ultra-high modulus polyethylene, nylon, and jute. Reviews of studies regarding the polymeric modifications are available in the dental literature.\[[@ref18][@ref19][@ref20][@ref21]\] However, literature reviews on monomer modifications are not available yet.

The purpose of this study was to (1) systematically review the published researches pertaining to the modifications of denture base acrylic resin monomer, and (2) identify tests used for physico-mechanical and biological properties analysis.

M[ATERIALS AND]{.smallcaps} M[ETHODS]{.smallcaps} {#sec1-2}
=================================================

PICO model {#sec2-1}
----------

Patient intervention comparison outcome model includes studies pertaining to denture base acrylic resins. Intervention was the quantitative modification of the monomer. Comparators were the conventional monomers without modifications. Outcomes were the effect of modified monomers on the properties of denture base acrylic resins.

Search strategy {#sec2-2}
---------------

The electronic search was independently performed by two reviewers. The databases used for search were EBSCOhost (<http://web.a.ebscohost.com/ehost/publication>), PubMed (www.ncbi.nlm. nih.gov. /entrez/query.fcgi), Semantic Scholar (<https://www.semanticscholar.org/search>), and J-STAGE (<https://www.jstage.jst.go.jp>). The present systematic review included research titles published from the year 1995 to 2018 in which comparison between unmodified and modified monomers was executed. On the basis of MeSH terms (PubMed), Boolean phrases (EBSCOhost), and other free-term keywords such as denture bases, monomers, polymethyl methacrylate, methacrylates, methylmethacrylate, methacrylic acid, denture base resins, denture base monomers, denture base modified monomers, modified denture bases, denture base co-monomer, monomer modification, anti-microbial monomer, anti-fungal monomer, denture base novel monomer, and denture base properties, the studies were assessed for the relevance. In case of any disagreement regarding the inclusion of a study, a third reviewer was consulted to achieve a consensus. Full texts of all relevant research studies that satisfied the inclusion criteria were downloaded. No blinding was carried out regarding the authors, journals, date of publication, or results.

Inclusion and exclusion criteria {#sec2-3}
--------------------------------

Three main aspects were considered when reports were identified for inclusion: substratum, material, and testing methods. Eligible substrata consisted of modifications made in the monomer as liquid substitute and volume percentage of the monomer substitute. The exclusion criteria included studies pertaining to the monomers of light-cure composite resins, monomers of dental adhesives, pits and fissure sealants, and monomers of tissue conditioners and soft lining materials.

Data extraction {#sec2-4}
---------------

A data extraction criterion was defined and assessed by two authors. The data were extracted from the full-text articles selected independently. The authors classified the information on authors/year, monomer, its availability, monomer added to proprietary monomer (MMA) in percent, denture base materials, polymer/monomer (P/L) ratio, curing regimen, property studied, results, conclusions, and risk of bias.

Assessment of risk of bias {#sec2-5}
--------------------------

Risk of bias was evaluated according to the articles' elucidation of the following parameters: randomization of samples/specimens, use of control group, use of materials according to the manufacturer's instructions, preparation of samples according to ISO/ADA/ANSI standards with dimensions, sample preparation by the single operator, description of sample-size calculation, and blinding of the operator of the testing machine. Articles with one-to-three reported items were classified to possess high risk of bias, four or five reported items as medium risk of bias, and six or seven reported items as low risk of bias.\[[@ref22][@ref23][@ref24]\]

Data synthesis {#sec2-6}
--------------

Considering the heterogeneity of the studies with respect to research design, methodology executed, sample sizes, storage, and polymerization method, only studies that met particular criteria were included in the meta-analysis. For flexural strength, the inclusion criteria were the following: moderate or high risk of bias; compliance with ISO standards for specimen dimension, and P/L ratio; reported means and standard deviations for the groups. The wt/vol% of substituted monomer (MAA) into the proprietary monomer (MMA) was kept constant (20%) to avoid heterogeneity. When the studies were similar in terms of these substrata, heterogeneity was further evaluated through the Q, I^2^, and τ^2^ tests.

The fixed-effect and random-effects models were considered appropriate for the meta-analysis of any quantitative data. However, considering the substrata, fixed-effect model was executed. In this review, it was possible to group four studies that evaluated the modified monomer (MAA). Other forms of evaluations such as publication bias and subgroup analysis were precluded because of insufficient number of included studies. All analyses were executed with statistical software (Comprehensive Meta-Analysis; version 3, Biostatistics).

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Search and selection {#sec2-7}
--------------------

A total of 308 titles were obtained through the electronic search. Once duplicates, studies not relevant to the research question, and articles not in English were excluded; only 54 full-text articles were left. Thirty-four studies where the methodology for modification was not elucidated and monomer modifications were performed by incorporation of inorganic nanoparticle powder in monomer were further excluded. Finally, 20 studies were considered suitable for the present systematic review \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref25]\] The exclusion criteria according to CONSORT^\*^ included incomplete description of materials, methods or details of the experimental procedure, not following standardized testing protocols, absence of sample size calculation, incomplete or inappropriate statistical analysis, no conflict of interests statement, limited interpretation, and comparison of results with other available dental literature.

![PRISMA flow chart](JPBS-11-112-g001){#F1}

Risk of bias {#sec2-8}
------------

From the 28 researches evaluating the properties of denture base acrylic resin with modified monomers, 17 researches presented a moderate risk of bias and only 11 presented high risk of bias. The most common risks of bias in the studies evaluating modified monomers were the sample randomization, sample preparation by a single operator, calculation for sample size, and blinding the operator of the testing machine. The studies evaluating modified monomers scored exclusively poor with respect to the sample randomization, sample preparation by a single operator, sample size calculations, and blinding protocols.

Meta-analysis {#sec2-9}
-------------

The 80% MMA + 20% MAA group showed significantly higher flexural strength than the 100% MMA group \[[Figure 2](#F2){ref-type="fig"}\]. The heterogeneity of the four studies included in the meta-analysis was high (Q = 68.525, heterogeneity *P* = 0.000, I^2^ = 95.62%, τ^2^ = 6.051).

![Forest plot of comparison of 100% MMA and 80% MMA + 20% MAA](JPBS-11-112-g002){#F2}

Descriptive analysis {#sec2-10}
--------------------

From the included researches in the systematic review, the modification of MMA was done basically by certain monomers or solutions that can be categorized as fluoromonomers\[[@ref26][@ref27][@ref28][@ref29][@ref30]\] (*n* = 5), phosphate monomers\[[@ref31][@ref32][@ref33]\] (*n* = 3), methacrylic acid monomer\[[@ref34][@ref35][@ref36][@ref37][@ref38][@ref39]\] (*n* = 6), itaconate monomers\[[@ref40][@ref41][@ref42]\] (*n* = 3), nitromonomers\[[@ref5][@ref43][@ref44][@ref45][@ref46]\] (*n* = 5), and nonspecific monomers or solutions (*n* = 6). Nonspecific monomers include Norbonyl/phenyl methacrylate (NBMA/PHMA),\[[@ref47]\] polyhedral oligosilsesquioxane (POSS),\[[@ref48]\] methacrylated dendrimer (DD1),\[[@ref49]\] 1,3-bis(3-methacryloxypropyl)-1,1,3,3 tetramethyl disiloxane (BMPMS),\[[@ref50]\] silver nitrate (AgNO~3~) solution,\[[@ref51]\] and *N*-acetyl cysteine (NAC).\[[@ref52]\]

The monomers used to substitute with MMA (wt/vol%) were either experimentally synthesized\[[@ref33][@ref42][@ref44][@ref45][@ref47][@ref49][@ref51]\] or purchased.\[[@ref5][@ref26][@ref27][@ref28][@ref29][@ref30][@ref32][@ref34][@ref35][@ref36][@ref37][@ref38][@ref39][@ref40][@ref41][@ref43][@ref46][@ref48][@ref50][@ref52]\] For the specimen preparation, the polymer beads were synthesized by bulk polymerization,\[[@ref29][@ref47][@ref49][@ref50]\] suspension polymerization,\[[@ref26][@ref27][@ref28][@ref33][@ref34]\] or from the commercially available pre-polymers. The commercially available pre-polymers used were Lucitone 550,\[[@ref30][@ref35][@ref43][@ref45]\] Lucitone 199,\[[@ref31][@ref32]\] Paladent 20,\[[@ref48]\] Trevalon,\[[@ref36]\] Vertex,\[[@ref37][@ref44]\] DPI,\[[@ref38][@ref39]\] Ondacryl,\[[@ref5]\] Ivoclar Vivadent,\[[@ref51]\] Biocryl,\[[@ref40][@ref41][@ref42]\] QC-20, Acron MC,\[[@ref46]\] and Uniffasttrad.\[[@ref52]\] Researches included in this review, based upon the polymerization process, used heat-cured PMMA resin,\[[@ref29][@ref30][@ref31][@ref32][@ref35][@ref36][@ref37][@ref38][@ref39][@ref40][@ref41][@ref42][@ref43][@ref44][@ref45][@ref46][@ref47][@ref48][@ref50][@ref51]\] autopolymerizing resin,\[[@ref26][@ref27][@ref28][@ref33][@ref34][@ref49][@ref52]\] and microwave irradiation.\[[@ref5][@ref46]\]

From [Table 1](#T1){ref-type="table"}, it can be understood that a number of curing regimens were followed and executed for both heat-cured and microwave-irradiated specimen preparations. The activator used in autopolymerizing resin were AIBN,\[[@ref26][@ref27][@ref28]\] *N,N*-dimethyl-p-toluidine,\[[@ref33]\] and *N,N*-dimethyl aniline.\[[@ref34]\] The substitution of the monomers to MMA in wt/vol% is critical. For perfluoroalkylethyl acrylate monomers, polymer beads were not formed beyond 25 wt%.\[[@ref26][@ref27][@ref28]\] Also, the wt/vol% of substituted monomer affects the dough-forming time, which was recorded and mentioned in two\[[@ref30][@ref46]\] of the selected researches. In all the studies, the control group (0%) was used to compare with the monomer-substituted groups. A vivid wt/vol% of substituted monomers into the proprietary monomer was demonstrated. The most commonly executed wt/vol% of substituted monomer were 10%\[[@ref29][@ref30][@ref31][@ref32][@ref33][@ref34][@ref35][@ref37][@ref39][@ref40][@ref41][@ref42][@ref44][@ref46][@ref47][@ref50]\] and 20%.\[[@ref29][@ref30][@ref31][@ref32][@ref33][@ref34][@ref35][@ref36][@ref38][@ref39][@ref46][@ref47]\]

###### 

Summary of studies included in the systematic review

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Studies                                        Monomer and its property                                                                                                     Availability                                                                   Modified MMA in vol/wt %                         Material, trade name and curing regimen                                                                                                                                                 P/L ratio        Evaluated properties^\*^                                                                Results and conclusions
  ---------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------ ------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------- --------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Hayashi *et al.*\[[@ref26]\] (2003)            Perfluoro octylethyl acrylate (C8F) Hydrophobic monomer                                                                      Monomer: Purchased Polymer: Synthesized by suspension polymerization           0 and 25 wt%                                     Heat-cured in presence of 0.045 g of α-α′-azobis isobutyronitrile (AIBN) at 70ºC for 6 hours and then at 100ºC for 0.8 hour                                                             2:1              CA Tg KH TS MA                                                                          Increase in the CA and Tg. No significant difference in KH. Decrease in TS. C8F reduced the MA

  Kubota *et al.*\[[@ref27]\] (2005)             Perfluoro (butylethyl \[C4F\], hexylethyl \[C6F\], octylethyl \[C8F\], decylethyl \[C10F\]) acrylates Hydrophobic monomers   Monomer: Purchased. Polymer: Synthesized by suspension polymerization          0 and 25 wt%                                     Heat-cured in presence of 0.015 wt% of AIBN at 70ºC for 6 hours and then at 100ºC for 0.8 hours                                                                                         2:1              Tg KH TS                                                                                Increase in the carbon chain length increased Tg and decreased KH and TS. However, this research concluded that the fluoromonomer-added denture base resins are acceptable for clinical use with regard to mechanical properties

  Kobayashi *et al.*\[[@ref28]\] (2006)          C4F, C6F, C8F and C10F Hydrophobic monomers                                                                                  Monomers: Purchased. Polymer: Synthesized by suspension polymerization         0 and 25 wt%                                     Heat-cured in presence of 1.5 g of α-α′-azobis isobutyronitrile \[AIBN\] at 70ºC for 6 hours and then at 100ºC for 0.8 hours                                                            2:1              CA MA                                                                                   Increase in the carbon chain length increased the CA and decreased MA

  Kurata *et al.*\[[@ref29]\] (2007)             A. Fluoro-monomers:\                                                                                                         Purchased                                                                      0, 10, 20, 30 mol%                               Bulk polymerization. Heat-cured at 51ºC for 24 hours in a water bath in the presence of 50 mg of BPO followed by 100ºC for 1 hour in a dry oven                                         N/A              CS FS WS                                                                                CS and FS decreased with increase in mol% of substituted monomers whereas MAF-TBN and PEES showed least values. Fluoro- and styrene monomers decreased the WS with increase in mol%. In all the tests, MAF-TBN at 30 mol% showed rubber-like consistency indicating poor polymerization characteristics
                                                 1. α-Trifluoro methacrylic acid *t*-butyl \[MAF-TBE\].\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                 2. α-Trifluoro methacrylic acid 2-methyl-2-adamantyl (MAF-MAE).\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                 3. 2-Trifluoro methyl norbornene-2-carboxylic acid t-butyl (MAF-TBN)\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
                                                 B. Styrene monomers:\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
                                                 1. *p*-*t*-Butoxy styrene (PTBS).\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
                                                 2. *p*-Acetoxy styrene (PACS).\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
                                                 3. *p*-Ethoxy ethoxystyrene (PEES)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  Cunha *et al.*\[[@ref30]\] (2009)              Fluoralkyl methacrylate (FMA) Hydrophobic monomer                                                                            Purchased                                                                      0, 10, 20 vol%                                   Lucitone 550 Heat-cured at 73°C for 90 minutes and 100°C for 30 minutes                                                                                                                 21 g/ 10 mL      FS YM Ra                                                                                Ra was unaffected. Addition of FMA decreased FS and YM regardless of the tested concentration. However, this decrease may be clinically acceptable

  Dhir *et al.*\[[@ref31]\] (2007)               Phosphate-containing monomer                                                                                                 Not mentioned                                                                  0, 10 and 20 vol%                                Lucitone 199 Heat-cured at 73°C for 90 minutes and 100°C for 30 minutes                                                                                                                 3:1              FS WS solubility ColS and staining                                                      Increase in the phosphate monomer concentration decreased the FS and increased WS and solubility. No difference was found with respect to ColS and staining

  Puri *et al.*\[[@ref32]\] (2008)               Ethylene glycol methacrylate phosphate (EGMP)                                                                                Purchased                                                                      0, 10, 15, 20 vol%                               Lucitone 199 Heat-cured at 74°C for 9 hours                                                                                                                                             3:1              IS FT CA                                                                                Addition of EGMP did not adversely affect IS and FT. However, CA decreased with increase in vol%

  Raj *et al.*\[[@ref33]\] (2011)                Methallyl phosphate (MAP) Antimicrobial monomer                                                                              Monomer: Synthesized Polymer: Synthesized by suspension/ bead polymerization   0, 5, 10, 15, 20, 25%                            Autopolymerized with 1.2 g of BPO and 0.75 mL of dimethyl para toluidine                                                                                                                N/A              Adhesion assay                                                                          MAP inhibited the adhesion and colonization of *Candida albicans*

  Park *et al.*\[[@ref34]\] (2003)               Methacrylic acid (MAA). Antimicrobial monomer                                                                                Purchased                                                                      0, 5, 10, 20%                                    Autopolymerized with 1 wt % of BPO and 0.5 vol % of *N*,*N*- dimethyl aniline in water at 55 ± 1°C under air pressure of 300 kPa for 15 minutes                                         3:1              MA CA                                                                                   MA and CA decreased with increasing concentrations of MAA

  Azevedo *et al.*\[[@ref35]\] (2010)            MAA Antimicrobial monomer                                                                                                    Purchased                                                                      0, 10, 20, 50 vol %                              Lucitone 550 Heat-cured at 73°C for 90 minutes and 100°C for 30 minutes                                                                                                                 21 g/ 10 mL      VHRaFS                                                                                  At 50 vol%, VH decreased. A decreasing Ra was found in all concentrations and improved FS

  Jain *et al.*\[[@ref36]\] (2013)               MAA Antimicrobial monomer                                                                                                    Purchased                                                                      0, 12, 16, 20 %                                  Trevalon Heat-cured according to manufacturer's instruction                                                                                                                             3:1              FS                                                                                      FS decreased with increasing concentrations of MAA

  Al-Ali *et al.*\[[@ref37]\] (2015)             MAA, ethyl acrylate (EA) and butyl methacrylate (BMA)                                                                        Purchased.                                                                     0, 5, 10, 15%                                    Vertex Heat-cured from room temperature to 100°C and maintained for 30 minutes                                                                                                          22 g/ 10 mL      CP                                                                                      All the monomers successfully co-polymerized with MMA at all concentrations

  Gupta *et al.*\[[@ref38]\] (2017)              MAA Antimicrobial monomer                                                                                                    Purchased                                                                      0, 15, 20, 25%                                   DPI Heat-cured at 74°C for 8 hours and then at 100°C for 30 minutes                                                                                                                     2.5:1            FS MA                                                                                   Addition of MAA did not affect FS. However, with increase in concentration and number of days, decreased the CFU

  Sujitha *et al.*\[[@ref39]\] (2018)            MAA Antimicrobial monomer                                                                                                    Purchased                                                                      0, 10, 20 vol%                                   DPI Heat-cured according to manufacturer's instruction                                                                                                                                  3:1              FS, Ra                                                                                  Decreased FS and improved Ra with increasing concentrations of MAA

  Spasojević *et al.*\[[@ref40]\] (2012)         Dimethyl itaconate (DMI) and Di-*n*-butyl itaconate (DBI)                                                                    DMI: Purchased DBI: Synthesized                                                0, 2.5, 5.0, 7.5, 10 wt%.                        Biocryl Heat-cured at 100°C for 30 minutes in the water bath                                                                                                                            2:1              RM WS DC                                                                                RM decreased with increased concentrations of itaconates. WS decreased with increased concentrations of itaconates. DC increased for DBI at 7.5 and 10%

  Spasojević *et al.*\[[@ref41]\] (2015)         DMI and DBI                                                                                                                  DMI: Purchased DBI: Synthesized                                                0, 2.5, 5.0, 7.5, 10 wt%                         Biocryl Heat-cured at 100°C for 30 minutes in the water bath                                                                                                                            2:1              CP Tg TS SH IS                                                                          CP was confirmed with PMMA. Tg, TS and IS decreased with increased concentrations of itaconates. SH was unaffected with DMI whereas increased with increased concentration of DBI

  Spasojević *et al.*\[[@ref42]\] (2015)         Di-tetra hydrofurfuryl itaconate (DTHFI)                                                                                     Synthesized                                                                    0, 2.5, 5.0, 7.5, 10 wt%                         Biocryl Heat-cured at 100°C for 30 minutes in the water bath                                                                                                                            2:1              RM, CP, WS, Tg, TS, SH, IS                                                              RM decreased with increased concentrations of itaconates. CP was confirmed with PMMA. WS decreased with increased concentrations of itaconates. Tg, TS and SH decreased with increased concentrations of itaconates. IS was unaffected.

  Paleari *et al.*\[[@ref43]\] (2011)            2-*tert*-butyl aminoethyl methacrylate (TBAEMA) Antimicrobial monomer                                                        Purchased                                                                      0.00, 0.50, 1.00, 1.50, 1.75, 2.00%              Lucitone 550 Heat-cured at 73°C for 90 minutes and 100°C for 30 minutes                                                                                                                 21 g/10mL        FS                                                                                      Increasing TBAEMA concentrations reduced the FS

  Rodriguez *et al.*\[[@ref5]\] (2013)           TBAEMA Antimicrobial monomer                                                                                                 Purchased                                                                      0, 1, 2, 3, 4%                                   Onda-cryl Microwave curing. Cured for 3 minutes at 320 W + 4 minutes at 0 W + 3 minutes at 720 W                                                                                        14 g/ 7 mL       N~2~ ratio CP Tg FS                                                                     Amine group indicates antimicrobial activity. TBAEMA co-polymerizes with MMA. Both Tg and FS decreased with increased concentration of TBAEMA

  Mirizadeh *et al.*\[[@ref44]\] (2018)          *N,N*-dimethyl aminoethyl methacrylate- octyl bromide (DMAEMA-OB). Quaternized ammonium antimicrobial monomer (QAM)          Synthesized                                                                    0, 8, 10, 12 wt%                                 Vertex Heat-cured at 70ºC for 1 hour and at 100ºC for 2 hours (dry heat)                                                                                                                50 g/ 25 mL      CFU (direct contact test) FS WS                                                         QAM was significantly effective against gram- positive and gram-negative bacteria and fungi. FS decreased with increasing concentrations of QAM. WS increased with increasing concentrations of QAM

  Regis *et al.*\[[@ref45]\] (2011)              Methacryloyl oxyundecyl pyridinium bromide (MUPB) Antimicrobial monomer                                                      Synthesized                                                                    0.0, 0.3, 0.6 wt%                                Lucitone 550 Heat-cured at 73°C for 90 minutes and 100°C for 30 minutes                                                                                                                 21g/ 10mL        VH FS Ra ColS                                                                           Reinforcing MUPB with MMA did not alter the VH. FS significantly decreased at 0.6% concentration. Ra ColS were not affected at 0.3 or 0.6%

  Aydogan Ayaz and Durkan .\[[@ref46]\] (2013)   Acrylamide monomer (AA)                                                                                                      Purchased                                                                      0, 5, 10, 15, 20%.                               QC 20 Heat-cured in a thermally controlled autoclave device at 60°C for 30 minutes, and further cured at 130°C for 20 minutes. Acron MC: Microwave irradiation at 500 W for 3 minutes   N/A              FS FM CP                                                                                FS and FM increased with increased concentrations of AA. Successful copolymerization of AA with PMMA

  Umemoto and Kurata.\[[@ref47]\] (1997)         Norbonyl methacrylate (NBMA) and phenyl methacrylate (PHMA). Both are hydrophobic monomers                                   Synthesized                                                                    0, 10, 20, 30, 40 wt%                            Bulk polymerization Heat-cured at 55ºC for 24 hours in water bath in the presence of 0.5 wt% of benzoyl peroxide (BPO) followed by 100ºC for 1 hour in a dry oven                       N/A              CS WS FS DMTA PS                                                                        Addition of NBMA and PHMA to MMA decreased WS and improved mechanical properties. Showed less PS than PMMA

  Kim *et al.*\[[@ref48]\] (2007)                Polyhedral oligosil sesquioxane (POSS)                                                                                       Purchased                                                                      0 and 1.44%                                      Paladent 20 Curing regimen not specified                                                                                                                                                N/A              *In vitro* cytotoxicity tests: 1. MTT assay 2. Agar overlay test 3. Mutagenesis assay   In all assays, addition of POSS with MMA showed less cytotoxicity than the control

  Kawaguchi *et al.*\[[@ref49]\] (2011)          Methacrylated dendrimer (DD1) compared with ethylene glycol di methacrylate (EGDMA) Cross-linker                             Monomer: Synthesized Polymer: Synthesized                                      1.1, 2.3, 4.6, 6.9, 9.1 vol% of both monomers    Bulk polymerization 2% BPO was added to powder and mixed with monomer and polymerized in distilled water at 55°C under pressure of 0.4 MPa for 20 minutes                               10 g/ 7 mL       FSFMVH                                                                                  Addition of DD1 improved only FM. FS and VH remained unaffected. The effect of vol % was significant only on FS

  Aoyagi *et al.*\[[@ref50]\] (2012)             1,3-bis(3-methacryloxy propyl)-1,1,3,3- tetramethyl disiloxane (BMPMS)                                                       Purchased                                                                      0, 10, 30, 50, 70 mol%                           Bulk polymerization Heat-cured at 53ºC for 5 days in a water bath in presence of 0.5 mass% of BPO followed by 100ºC for 1 hour in dry oven                                              N/A              WS WSol                                                                                 WS and W Sol decreased with increasing concentrations of BMPMS

  Al-Husayni *et al.*\[[@ref51]\] (2014)         Silver nitrate (AgNO~3~)                                                                                                     Synthesized                                                                    9.375, 15, 30, 60, 120, 150, 300, 600, 900 ppm   Ivoclar vivadent Heat-cured. Regimen not specified                                                                                                                                      2.25 g/LmL       IS FS TS                                                                                1\. IS was high at 60 ppm. In the rest of concentrations, IS was not affected. 2. FS and TS decreased with increase in ppm. 3. Discoloration was observed at 300 ppm

  Jiao *et al.*\[[@ref52]\] (2015)               *N*-acetyl cysteine (NAC)                                                                                                    Purchased                                                                      0, 0.15, 0.3, 0.6, 0.9 wt%                       Unifast trad. Autopolymerized resin                                                                                                                                                     1 g per 0.5 mL   MTT assay DegC FS VH Ra                                                                 Higher cell viability with NAC. DegC reduced except at 0.15% of NAC. FS decreased with increasing concentrations of NAC. VH was unaffected at 0.15% beyond which it decreased. Ra was affected at a concentration beyond 0.3%
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*CS = compressive strength, WS = water sorption, FS = flexural strength, DMTA = dynamic mechanical thermal analysis, PS = polymerization shrinkage, CA = contact angle, Tg = glass transition temperature, KH = knoop hardness, TS = tensile strength, MA = microbial adhesion, MTT = tetrazolium, ColS = color stability, FT = fracture toughness, YM = Young's modulus, Ra = surface roughness, VH = Vicker hardness, ZI = zone of inhibition, TB= = Trypan blue, FM = flexure modulus, WSol = water solubility, CP = co-polymerization, CFU = colony-forming unit, RM= residual monomer, DC = diffusion coefficient, SH = shoreD hardness; DegC = degree of conversion

Vivid description about the testing methodologies of the properties in each of the studies was provided. All the aspects of the properties of the denture base resins were studied. However, the polymerization shrinkage, which is the commonest troubleshoot, has been studied only in one study.\[[@ref47]\] Every single study included here followed the standardized testing protocols, inclusive of specimen dimensions, stipulated for denture base resins.

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Fluoromonomers have an inherent property of "water-shedding" because of the fluorine ions; thus they possess hydrophobicity and have been exploited in the field of prosthetic dentistry. This is a novel approach by substituting fluoromonomers in MMA and reducing the water sorption,\[[@ref29]\] less acute contact angle,\[[@ref26][@ref28]\] and thus decreased microbial adhesion especially Candidal adhesion as far as denture stomatitis is concerned.\[[@ref26][@ref28]\] These monomers were also incorporated in the proprietary monomers of denture soft/resilient liners\[[@ref53][@ref54]\] to reduce the water sorption and solubility in oral environment and to curb the Candidal adhesion. Nevertheless, the effect of fluoromonomers on glass transition temperature\[[@ref26][@ref27]\] (Tg), surface hardness,\[[@ref26][@ref27]\] surface roughness\[[@ref30]\] (Ra), tensile,\[[@ref26][@ref27]\] compressive,\[[@ref29]\] and flexural strength\[[@ref29][@ref30]\] were also investigated. Though this addition causes some deterioration to the mechanical properties, it can be acceptable for clinical use. Extensive biocompatibility assay has to be executed with this monomer.

Addition of phosphate monomers to MMA caused increased water sorption, solubility,\[[@ref31]\] and more acute contact angles.\[[@ref32]\] From these results, it is inferred that these monomers are hydrophilic in nature. Performance of these monomers with respect to color stability and staining was acceptable. Though there is slight decrease in the mechanical properties such as flexural strength, impact strength, and fracture toughness, there were no devastating effects stating its limitations in clinical usage. However, it is also said to be an antifungal monomer by inhibiting the adhesion and colonization of *Candida albicans*.\[[@ref33]\] Moreover, there is a huge lacuna with respect to the biocompatibility assays for these groups of monomers.

Methacrylic acid (MAA) is primarily an antimicrobial monomer substituted in MMA. MAA decreased the microbial adhesion\[[@ref34][@ref38]\] and also had more acute contact angle.\[[@ref34]\] The hydrophilicity of this monomer has to be extensively studied with respect to water sorption and solubility. Substitution of MAA improved the surface roughness.\[[@ref35][@ref39]\] Chemical characterization and copolymerization was demonstrated when added to MMA.\[[@ref37]\] MAA caused reduction in surface hardness.\[[@ref35]\] With respect to flexural strength, antonymous conclusions were demonstrated stating both increased\[[@ref35][@ref38]\] and decreased\[[@ref36][@ref39]\] flexural strength (FS) upon MAA substitution. This monomer is also open for the future impact strength and biocompatibility tests.

Evidence of copolymerization was demonstrated when itaconate monomers were added to MMA. Residual monomer content was significantly reduced with the substitution of itaconate monomers in MMA. This is due to the increase in degree of conversion of the monomers to polymeric units.\[[@ref40][@ref42]\] Water sorption increased with increasing concentrations of itaconate monomers.\[[@ref40][@ref42]\] Glass transition temperature and tensile strength decreased with itaconates. Dimethyl itaconate compromised the impact strength\[[@ref41]\] and di-tetrahydro furfuryl itaconate reduced the surface hardness.\[[@ref42]\] Light has to be thrown with respect to flexural strength and biocompatibility assays with these monomers.

Nitromonomer is a new term introduced here for the convenience of explanation about some nitrogen-containing monomers in the form of either amino/ammonium/pyridinium or amides. These monomers can be also tagged as antimicrobial monomers. High N~2~ ratio and copolymerization were demonstrated when 2-*tert*-butyl aminoethyl methacrylate (TBAEMA) was added to MMA.\[[@ref5]\] Reduced flexural strength, Tg, and increased water sorption at raised concentrations were also observed.\[[@ref5][@ref44]\] Quaternized ammonium monomer (DMAEMA-OB) was effective against gram-positive and gram-negative bacteria and fungi.\[[@ref44]\] Another quaternized ammonium anti-microbial monomer (QAM), 2-(methacryloyloxy) ethyl trimethyl ammonium chloride (MADQUAT), was proved to be an efficient antifungal monomer possessing both fungistatic and -cidal actions.\[[@ref55]\] However, its copolymerization with MMA, physico-mechanical properties, and biocompatibility are yet unknown.

Numerous novel QAMs were synthesized and were experimented with dental restorative composite and adhesive resins. Dimethylaminododecyl methacrylate (DMADDM) and dimethylammoniumethyl dimethacrylate (DMAEDM) were found to possess "time-kill" antibacterial properties. Both monomers had significantly lesser cytotoxicity than the bisphenol A-glycidyl methacrylate (Bis-GMA).\[[@ref56]\] DMADDM was proved to be an antimicrobial denture base monomer against the formation of multispecies biofilm on the denture surfaces. It changed the structure of multi-biofilm and inhibited the biofilm metabolic activities, hyphal development, and virulence-related genes' expression of *C. albicans*. It also reduced the Candidal receptors on the host cells, thus reducing cell damage as well as being biocompatible at a concentration of 1.65--3.3%.\[[@ref57]\] Methacryloxyethyl cetyl dimethyl ammonium chloride (DMAE-CB) can be used as an antibacterial monomer by incorporating into dental restorative materials.\[[@ref58]\] Unpolymerized 2-methacryloxyethyl dodecyl methyl ammonium bromide (MAE-DB) and 2-methacryloxyethyl hexadecyl methyl ammonium bromide (MAE-HB) cross-linking monomers showed a strong bactericidal activity against eight different strains of oral bacteria. They had significantly lesser cytotoxicity than that of Bis-GMA.\[[@ref59]\] These monomers have a unique property of "contact-kill." Any microorganism that comes in contact with the denture base containing QAM gets killed. QAM intrinsically possessing positive charge has high affinity toward negatively charged cell membrane; it disrupts the lipid bilayer, leads to leakage of intracellular accessories, and eventually results in microbial death. They can be also designated as cationic monomers. These QAMs, however, have a wide scope of research in developing newer denture base resins.

Two pyridinium-based nitromonomers were used in dentistry. Methacryloyl oxyundecyl pyridinium bromide (MUPB) added to MMA reduced the flexural strength, whereas surface roughness, hardness, and color stability were unaffected.\[[@ref45]\] Methacryloyloxy-dodecyl-pyridinium-bromide (MDPB) is being extensively used in the field of research pertained to restorative resins as bactericidal monomer against oral bacteria. The cytotoxicity was similar to those of other monomers used in dental materials.\[[@ref60]\] Acrylamide monomer in MMA increased the flexural strength and modulus by copolymerizing with PMMA.\[[@ref46]\]

NBMA and PHMA are hydrophobic monomers that reduced water sorption and improved the mechanical properties. NBMA with MMA showed less polymerization shrinkage, and this may be attributed to the fact that norbonyl compounds polymerize through ring-opening metathesis polymerization (ROMP).\[[@ref47]\] POSS with MMA at all experimental concentrations yielded lesser cytotoxicity than the PMMA.\[[@ref48]\] DD1 with MMA did not affect the flexural strength and surface hardness.\[[@ref49]\] Water sorption and solubility decreased significantly with the addition of BMPMS with MMA, and thus, can be considered as hydrophobic monomer.\[[@ref50]\] Substituting AgNO~3~ solution with MMA increased impact strength at 60 ppm concentration. Discoloration was observed at 300 ppm. This is because of the oxidative reaction of Ag with the atmosphere. With increase in the concentration, the flexural and tensile strength decreased.\[[@ref51]\] NAC is a cellular friendly product, and hence, showed higher cell viability when added to MMA. Surface roughness and hardness were affected at a concentration beyond 0.3% and 0.15%, respectively. Flexural strength decreased with increasing concentrations of NAC.\[[@ref52]\]

In this systematic review, the selected studies evaluated only the experimental monomers and commercially available products using these monomers are yet to be launched in the market.

L[IMITATIONS]{.smallcaps} {#sec1-5}
=========================

Cautious interpretations of the results of the present review are mandatory because *in vitro* laboratory experiments have intrinsic limitations while trying to simulate oral conditions such as masticatory loads, masticatory cycles, temperature fluctuations, microbial flora, and salivary flow rate. Properly designed randomized controlled trials with long follow-up duration are essential to deduce at a conclusion as to whether monomer modifications will result in improved clinical success rates when compared with conventional PMMAs. None of the studies included have a complete research about a monomer, especially with respect to dimensional accuracy of denture base.

C[ONCLUSION]{.smallcaps} {#sec1-6}
========================

Monomer modification improved the physico-mechanical properties and biocompatibility of the denture base resins.Though some monomers compromised specific properties, their performance in the clinical scenario is well accepted.Evaluation of dimensional stability/accuracy should be given high priority because it leads to several problems such as pain, tissue irritation, hyperplastic tissues, and occlusal errors.Numerous explicit researches to be undertaken to develop an ideal denture base resin because commercially available products do not suffice the geriatric population.Numerous antimicrobial monomers used with restorative resins shall be experimented with denture base resins to reduce microbial adhesion.Combination of two or more monomers of different inherent properties may be attempted and patented for commercial manufacture.
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